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2 03.10.2000 
in the objective lens when an optical record earner is read in a direction which is non-axial 
with respect to said objective lens, whereby an improved field of view is provided for. said 
objective lens. 

The root mean square (cms) comatic wavefront error caused by the objective 
5 lens at a certain field angle with respect to the axial direction is preferably compensated for 
by at least 50% by said non-periodic phase structure. More preferably, the compensation is 
at least 70%. The field angle for an optical recording read and/or write device is preferably 
1°. This is also the maximum required field angle for multi-track scanning of an optical 
record carrier. The resulting apparatus provides a significantly improved performance with a 

10 relatively large field tolerance. In the field of optical recording the residual amount of 
wavefront error at the maximum required field angle is after compensation preferably less 
than 40mX and more preferably less than 20ml. 

The non-periodic phase structure may include a plurality of annular zones, 
each of said zones comprising a step of a substantially constant height with respect to a 

IS rotationally symmetrical aspheric shape generally followed by said objective lens. Steps in 
the non-periodic phase structure preferably generate a relative phase difference of 
approximately a multiple of 2% for radiation of said selected wavelength when an optical 
record carrier is read in said axial direction. Thereby, the effect on the performance of the 
lens when operating axially is not significant. 

20 The heights of said zones am selected substantially optimally in relation to 

comatic aberration to be compensated for. Thereby, a relatively large degree of compensa 
can be provided. 

Hie number of zones in the non-periodic structure is preferably limited, fi 
manufacturing efficiency. The number of said zones is preferably less than 10, and may 
25 the region of only 5. 

In accordance with a further aspect of the present invention there is pre 
an optical including an optical element having optical power and an axial direction an 
radial direction, and a phase structure which is non-periodic with respect to the radial 
direction, the non-periodic phase structure being arranged to compensate for comatic 
^0 aberrations generated by the optical element when an optical beam traverses the opt? 

"-""tion which is non-axial with respect to said element, whereby an is 
element. The optical element may be a leu 
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It is noted that it has previously been proposed to use a non-periodic phase 
structure to compensate for wavefront aberrations. Reference is made to "Dual-wavelength 
optical he^d with a wavelength-selective filter for 0.6- and 1 ,2-mm-thick-substrate optical 
disks", Katayama et al., Applied Optics, Vol. 38, No. 17, 10 June 1999, and EP-A-865037. 
5 However, in these proposed arrangements the non-periodic phase structures are used in order 
to compensate only for spherical aberrations doe to differences in information layer depths in 
optical disks, when using two different wavelengths of radiation. 

Notably, in the case of the present invention, comatic aberration compensation 
may be achieved without altering the wavelength of the radiation applied, 

10 


Embodiments of the invention will now be described, by way of example only, 
with reference to die accompanying drawings, wherein: 

Rgure 1 is a schematic illustration of components of a scanning device for 
IS optical record carriers according to one embodiment of the present invention; 

Figure 2 is a schematic front view of the objective lens shown in Figure 1 , 
showing a non-periodic phase structure; 

Figure 3 is a schematic cross section of the objective lens shown in Figure 2; 

Figure 4 is a schematic illustration of a spherical coordinate system used in 
20 accompanying explanations; and 

Figure 5 is a graph showing compensated, and uncompensated, wavefront 

aberrations. 


25 Figure 1 is a schematic illustration of components common to a device in 

accordance with the invention for scanning an optical record carrier 1. The record carrier 1 is 
in this embodiment an optical disc as will be described, by way of example, below. 

The optical disc 1 comprises a transparent layer 2, on one side of which at 
least one information layer 3 is arranged. The side of the information layer facing away from 

30 the transparent layer is protected from environmental influences by a protection layer 4. The 
side of the transparent layer facing the device is the disc entrance face 5. The transparent 
layer 2 acts as a substrate for the optical disc by providing mechanical support for the 
information layer or layers. Alternatively, the transparent layer 2 may have the sole function 
of protecting the information layer 3, while the mechanical support is provided by a layer on 
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4 03.10.2000 
the other side of the information layer, for instance by the protection layer 4 or by a further 
information layer and transparent layer connected to the uppermost information layer, 

Information may be stored in the information layer 3, or information layers, of 
the optical disc in the form of optically detectable marks arranged in substantially parallel, 
5 concentric or spiral tracks, not indicated in Rgure 1 . The marks may be in any optically . 
readable form, e.g. in the form of pits, or areas with a reflection coefficient or a direct of 
magnetisation different from their surroundings, or a combination of these forms. 

The scanning device includes a radiation source 6, comprising a 
semiconductor laser or two separate semiconductor lasers, emitting radiation of a selected 

10 wavelength in a diverging radiation beam 7 towards a lens system. The lens system includes 
a collimator lens 9 and an objective lens 10 arranged along optical axis 13. The collimator 
lens 3 transforms the diverging beam 7 emitted from the radiation source 6 into a 
substantially collimated beam 15. The objective lens 10 comprises a non-periodic phase 
structure, which is indicated in the drawing by the pattern 11 and will be described in more 

15 detail below. The objective lens 10 transforms the incident collimated radiation beam 15 into 
a converging beam 14, having a selected NA, which comes to a spot 18 on the information 
layer 3. A detection system 16, a second collimator lens 19 and a beam splitter 8 are 
provided in order to detect data signals, and focus error signals which are used to adjust 
mechanically the axial position of the objective lens 10. 

20 Hie optical scanning device may be of the type capable to performing 

simultaneous multi-track scanning, which has the effect of improving data read-out and/or 
write speed Such devices are known, and described for example in the US patent no, 4 449 
212, of which the description of the multi-tracking arrangement is incorporated herein by 
reference. 

25 By use of the scanning device, discs of DVD format may be scanned with 

laser radiation of a first wavelength \\ between say 620 and 700nm, preferably Xj=660nm, A 
numerical aperture of about 0.6 is used for reading DVD and an NA above 0.6, preferably 
0.65, is applied for writing DVD. 

Rgure 2 is a schematic front view of the objective lens 10 illustrating the non- 
30 periodic phase structure. The non-periodic phase structure 1 1 is arranged on the side of the 
objective lens 10 facing the radiation source. However, it may alternatively be arranged on 
the other surface of lens 1 0 . It can be seen that a plurality of phase stnicttire elements are 
provided in the form of annular regions. Each annular region defines a so-called zone of the 
' 39 - - u -^~ smiAmra In order to enable acceptable operation of the lens over a 
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relatively wide field of view, die non-periodic phase structure generates c made aberrations 
at non-axial angles of incidence forth lens, to compensation for the comatic aberrations 
generated in the lens itself. 

The general principle behind the comatic compensatory effect provided in the 
5 present invention will next be explained in some detail with reference to Figures 3 and 4. 

Figure 3 is a cross-section along a plane including an axis, running in the 
radial direction of die lens 10, indicated as the X axis, and the optical axis of the lens 10, 
indicated as the Z axis. Figure 3 illustrates an exemplary embodiment of the objective lens 10 
having a single, exemplary, raised step 20, of height h, forming an annular zone of a non- 
10 periodic phase structure 1 1 on the side of the lens which faces the radiation source. The 
height h of the structure in the Figure is exaggerated; in general, it is small compared to the 
physical dimensions of the lens. The non-periodic phase structure 11 is superimposed on a 
basic aspherical lens shape 22 which the lens surface generally follows. The basic lens shape 
22 has a best fit radius R. The step 20, as is the case with all steps of a non-periodic phase 
IS structure in accordance with this embodiment, has a surface which runs substantially parallel 
to the basic aspherical lens shape, so as to generally provide the same refractive effect as that 
provided by the basic lens shape, other than the additional comatic aberration correction 
effect An incoming beam of radiation is indicated by means of ray 24 falling on step 22 
corresponding to a position at a radius r of the lens surface. A variation in the angle of 
20 incidence of the incoming beam of radiation is indicated as an angle of rotation \|r about the Y 
axis. 

Figure 4 illustrates the three dimensional coordinate system used to describe a 
point (x,y,z) on a step 20 of the structure. In addition to die parameters described above, the 
a7jT»i ithal angle <p about the Z axis, taken with respect to the X axis, is also illustrated. 
25 The stepped profile gives rise to an additionai optical path difference OPD 

equal to 


e 


(i) 


Where h is die height of the structure in radial direction, n the refractive index 
and 6 the angle between the normal on die surface of the step and the Z axis. When we 
30 choose the height of the step such that it introduces a phase equal to a multiple of 2rc, the 
structure has no optical effect on the incoming beam. 
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Consider now the case where the lens rotates an angle ijr around the Y axis 
(see figure 4), where the origin of the co-ordinate system coincides with the centre of 
curvature of the best fit radius of the aspherical surface of the lens. Let (*>y,z) be a point on 
the stepped structure. This point can be expressed in spherical co-ordinates as 
5 sin^coscfc 1? sin£ sinq>, jRcos£)» (2) 

where £ and 8 are related according to 

e«7ir-£ (3) 
After rotation this point (x,y>z) is positioned at (x\y \z*) given by 

R sin C cos peos iff - R cos C sin W 
y^R&in^sinp (4) 
z R sin C cos p sin yr + 2J cos £ cos yr 

10 When we write 

sin^'coscp', £ sinC* smq)', /J cos£' ). (5) 
we find in lowest order in \|f that 

z'=Rsm£ cos^sun/ti?cos^cos\fr 
^^Rsin^cosp + iJcos^ (6) 

^ R co$(g - Iff COS <p) 

Hence, we find that 
15 = £ -yrcos? (7) 

and thus 

6' = © + yrcos<p (8) 
Substituting this in (1) we find that this small rotation gives rise to a change in OPD in lowest 
order in yr equal to 
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5 In the above embodiment the step height hj has been given as a constant value. 

This is useful as a first approximation, with the step height being calculated appropriately for 
the radial centre of the zone. However, a slightly better result can be achieved by taking into 
account the variation in angle 9 across the width of a zone, such that the step height varies 
slightly across the zone. 

10 It is to be appreciated that numerous variations and modifications may be 

employed in relation to the embodiments described above, without departing from the scope 
of the invention which is defined in the appended claims. The objective lens is shown as a 
convex-convex lens; however other lens element types such as plano-convex or convex- 
concave lenses may also be used Whilst the objective lens as in the described embodiment 

15 is a single lens, it may be a compound lens containing two or more lens elements, either, or 
both, of which may include at least a part of the non-periodic phase structure of the invention. 
The non-periodic phase structure may be divided between different parts of the optical 
system. The objective lens may for example comprise a refractive objective lens element and 
a diffractive lens element The non-periodic phase structure may also be provided on an 

20 optical element separate from die objective lens, for example on a separate generally 
aspherical thin plate. The application of the non-periodic phase structure according to the 
invention is not limited to the field of optical recording. The phase structure may be used in 
any Held of optics, e.g. photography and the field of telescopes. Although the embodiments 
of the non-periodic phase structure shown hereinbefore are arranged on a curved surface, the 

25 phase structure may be arranged on a surface having any shape, e.g. a flat surfacp. It should 
be noted, that for a proper operation of the phase structure the wavefront of the incident beam 
at the surface on which the non-periodic phase structure is arranged must a shape different 
from that of the surface. More specifically, if the wavefront is substantially spherical and the 
surface is also substantially spherical, the radii of curvature of the wavefront and the surface 

30 have to be different, preferably different by more than 20%. For example, when the phase 
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9 03.10.2000 
Hie best fit radius of the aspheric surface is R=2,268mm. Let rmax be the pupil 
radius, =1.65mm. We defines 


pj=ij/r nK « 


(16) 


An annular zone present on the curved (aspheric) surface of the lens centred at 
rj introduces a comatic wavefront contribution Wj equal to (using equation (13)): 


10 


IS 


20 


25 


Wj(y )/X = *j / 2ji = 0.0081 mj pj cos(<p ) y / 0.0175 (17) 

To compensate the comatic wavefront aberration introduced by the lens we 
provide a non-periodic structure divided into a selected number of zones, preferably less than 
say 10 and in this example 5. Table 1 lists die properties of the resulting non-periodic 
structure with the heights of the steps in the five different annular zones selected in order to 
have substantially no effect on the properties of the lens when radiation is incident along the 
optical axis, but providing a substantially optimum compensation for comatic aberrations 
generated in the lens. This substantially optimum compensation is achieved by substantially 
minimising the residual rms wavefront error within the constraint of the finite, relatively 
small, number of zones provided. 

Figure 5 illustrates the wavefront aberration WA, for 
(p =Q and y=0,0175 radians as a function of the normalized pupil coordinate p. Dashed line 
(a) represents the uncompensated wavefront aberration* whereas solid line (b) illustrates the 
compensated wavefront aberration. 

As a result of the presence of the non-periodic phase structure the comatic 
wavefront aberration reduces from OPIW = 0.0485A, to OPIW - 0.0124A, hence a reduction 
of a factor of 4. 


j 

Pbegin 

Paid 

Pj 


SinQj= Pj Tmxi/R 


hj [iun] 

1 

0 

0.45 

0J225 

0 

0.164 

0.000 

0.0 

2 

0.45 

0.84 

0.645 

10 

0.469 

0.052 

10.841 


8 03,10,2000 
tilted case these structures haye no effect on the wavefront In the following an explicit 
embodiment of the above principle will be given. 

In this embodiment, the objective lens 10 focuses an incoming parallel beam 
with wavelength X =660nm into a converging beam with NA=0.6, which forms through a 
5 disc cover layer of 0,6mm a spot on the information layer, The free working distance in this 
embodiment is 1,353mm. The cover layer thickness of the disk is 0.6mm made of 
polycarbonate with a refractive index n= 1.5796, The lens has thickness on the optical axis of 
1.817mm and entrance pupil diameter of 3.3mm. The body of thelensismadeof LAFN28 
Schott glass with refractive index n=1.7682. The convex surface of the lens body which is 
10 directed towards the collimator lens has radius 2.28mm, The aspherical shape is realised by 
means of a thin layer of acryl on top of the glass body. The lacquer has refractive index 
n= 1.5640, The thickness of this layer on the optical axis is 17 micrometer. The rotational 
symmetric aspherical shape is given by the equation: 

3(r)=B 2 ir2i (M) 

with z being the position of the surface in the direction of the optical axis in millimetres, r the 
distance to the optical axis in millimetres, and B k the coefficient of the k^ power of r. The 
value of the coefficients B2 to Bio are in this example 0.2420141, -0.0045950331, - 
0.00016786429, -4.2268162 10" s , and 8.5889657 10" 6 , respectively. 

As a function of the field angle \|r the lens, when uncorrected, gives rise to a 
comatic wavefront aberration W which is given by: 

W(p,Y) = 

[A3i(3p3-2p) cos(<p yt A5 1 (10p 5 -12p 3 +3p) cos(<p)] \|/ / 0.0175 (15) 

with p being the normalized pupil coordinate and the Zernike coefficients being given by 
A3i=0.1l3GA,andA5i=r0.G950X (expressed in wavelengths). The angle y is expressed in 

radians* This results in a root mean square of the optical path difference of the wavefront 
aberration, also referred to as the root mean square of the wavefront error, OPDnns a 
0.0485X. 
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AOPD(v) = OPD(0+yrco&p)-OPD(0y 
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(9) 


Let the height h be gi ven by 


ft = /ft j 


-cos0+ 


0 


(10) 


with an integer number. This height introduces a phase mj2n when \jr=0, When \|/ is 

nonzero this structure gives rise to a relative phase $ r ei (hence phase modulo 2tc) equal to 

Furthermore, using sin9 = r/R (see figure 4), we find finally 


A ^ P rv/ ); ,v ^ yrsinflcosg yrsingcosff 

2)( — ^ — 

' nR n^l — - r - 


(ID 


Notice that this phase is a function of cos<p. Hence, it generates a comatic 

aberration, 

Divide the entrance pupil in a number of radial zones. The central radius of 
each zone is r ; . In each zone we introduce a step with a height such that it introduces a phase 
equal to mj2n when \jr=0. Hence these steps have no influence on the properties of the lens. 
When the lens tilts by an angle y, each zone j gives rise to a relative phase % equal to 


nR 


(13) 


By proper choice of the zones and the integer values m, we can 1 compensate to 
a good extend the coma arising from the tilted lens by these phase structures, while in the non 
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CLAIMS: 


1 . An optical scanning device for scanning optical record earners with radiation 
of a selected wavelength, the device including an objective lens, having an axial direction and 
a radial direction, and a phase structure which is non-periodic with respect to the radial 
direction, die non-periodic phase structure being arranged to compensate for comatic 

5 aberrations generated in fee objective lens when an optical record carrier is read in a direction 
which is non-axial with respect to said objective lens, whereby an improved field of view is 
provided for said objective lens. 

2. An optical scanning device according to claim 1, wherein said non-periodic 
10 phase structure compensates at least 50% of the root mean square (mis) comatic wavefront 

error at a certain field angle with respect to fee axial direction and caused by the objective. 

3. An optical scanning device according to claim 2, wherein said non-periodic 
phase structure compensates at least 70% of the root mean square (rms) comatic wavefront 

1 5 error at a certain field angle with respect to the axial direction and caused by fee objective. 

4. An optical scanning device according to any of claims 1 to 3, wherein fee rms 
wavefront error caused by fee comatic aberration generated by die objective lens at a 
maximum required field angle with respect to fee axial direction, as compensated by the non- 
20 periodic phase structure, is less than 40mX. 

5. An optical scanning device according to claim 4, whemin the rms wavefront 
error caused by the comatic aberration generated by fee objective lens at a maximum required 
field angle wife respect to fee axial direction, as compensated by fee non-periodic phase 

25 structure, is less than 20n&. 

6. An optical scanning device according to any preceding claim, wherein said 
non-periodic phase structure includes a plurality of annular zones, each of said zones 
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structure is arranged on a flat surface, the incident beam must have a vergency unequal to 
zero. 

Whilst in the above described embodiment a scanning device for scanning 
carriers of DVD format is described, it is to be appreciated that the scanning device can be 
alternatively or additionally used for any other types of optical record carriers to be scanned. 
It is also to be appreciated that radiation of other combinations of wavelengths than 660 nm, 
suitable for scanning optical record carriers, may be used 
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comprising a stop of a substantially constant height with respect to a rotationally symmetrical 
aspheric shape generally followed by said objective lens. 

7. An optical scanning device according to claim 6, wherein steps in said non- 

5 periodic phase structure generate a relative phase difference of approximately a multiple of 
2k for radiation of said selected wavelength when an optical record carrier is read in said 
axial direction. 

g. An optical scanning device according to claim 6 or 7, wherein the radial 

10 widths of said zones selected in dependence on the comatic aberration to be compensated for. 

9. An optical scanning device according to any of claims 6 to 8 t wherein the 
heights of said zones are selected substantially optimally in relation to the comatic aberration 
to be compensated for. 

15 

10. An optical scanning device according to any of claims 6 to 9, wherein the 
number of said zones is less than 10. 

11. An optical scanning device according to any preceding claim, wherein said 
20 non-periodic phase structure is formed on the surface of said objective lens. 

12. An optical including an optical element having optical power and an axial 
direction and a radial direction, and a phase structure which is non-periodic with respect to 
the radial direction, the non-periodic phase structure being arranged to compensate for 

25 comatic aberrations generated by the optical element when an optical beam traverses the 
optical system in a direction which is non-axial with respect to said element, whereby an 
improved field of view is provided for said optical element 
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ABSTRACT: 


An optical scanning device for scanning optical record carriers with radiation 
of a selected wavelength, die device including an objective lens, having an axial direction and 
a radial direction, and a phase structure which is non-periodic with respect to die radial 
direction, the non-periodic phase structure being arranged to compensate for comatic 
5 aberrations generated in the objective lens when an optical record carrier is read in a direction 
which is non-axial with respect to said objective lens, whereby an improved field of 
view is provided for said objective lens. 


Fig. 2 
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